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v mutant mice, which lack intramuscular interstitial cells of Cajal (ICC-IM). In addition, these mice have been reported to have smaller amplitude unitary potentials (UPs) and a more negative resting membrane potential (RMP) than control mice. These abnormalities have been attributed to absence of ICC-IM, but it remains possible that they are due to alterations at the level of the smooth muscle itself. Amphotericin-B-perforated patch-clamp recordings and Ca 2ϩ imaging (fura 2) were compared between freshly isolated single circular smooth muscle cells (CSM) from W/W v mutant and control mice lower esophageal sphincter (LES). There was no significant difference in seal resistance, capacitance, or input resistance in response to applied electrotonic current pulses between CSM cells from W/W v mutants and controls. Compared with control mice, RMP was more negative and UPs significantly smaller in CSM cells from mutant mice LES. Administration of caffeine induced an inward current in cells from both mutant and control mice, but the current density was significantly larger in cells from W/W v mutants. Membrane potential hyperpolarization induced by sodium nitroprusside was larger in cells from control mice vs. W/W v mutants. In addition, intracellular Ca 2ϩ transients induced by caffeine were significantly increased in cells from mutants. These findings indicate that LES CSM is abnormal in W/W v mutant mice. Thus some physiological functions attributed to ICC-IM based on experiments in smooth muscle of ICC deficient mice may need to be reconsidered. interstitial cells of Cajal; Ca 2ϩ imaging; electrophysiology; nitric oxide THE LOWER ESOPHAGEAL SPHINCTER (LES) is a specialized circular smooth muscle (CSM) that maintains tonic contraction at rest and thereby serves as a pressure barrier that prevents reflux of gastric contents into the esophagus. Swallowing induces relaxation of the LES via vagal efferent neurons, which activate inhibitory motor neurons within the myenteric plexus (12) . These intrinsic neurons in turn primarily release nitric oxide (NO), which relaxes the LES CSM (26, 35) . The mechanism whereby NO induces LES relaxation is not fully understood. A central controversy is whether NO causes LES relaxation by being released directly onto the smooth muscle cell or by first activating interstitial cells of Cajal (ICCs). Ultrastructural studies suggest that ICCs are intercalated between intrinsic motor neurons and the LES CSM and appear to be directly innervated by intrinsic neurons (5, 7) . This led to the hypothesis that NO released from intrinsic neurons activates ICCs to cause hyperpolarization, and this electrical signal is then transmitted via gap junctions to several adjacent CSM cells. The evidence supporting a role for ICCs in enteric neurotransmission comes mainly from studies conducted in W/W v mice that lack ICC (6, 32, 34) , but these animals also have other organ abnormalities including congenital anemia (33), a melanogenesis defect (27) , deafness (30) , sterility (22) , and visual impairment (2) . Recent studies in both ICC-deficient mice (31, 37) and rats (1, 10, 16) challenged the concept that ICC play a primary role in innervation to gastrointestinal (GI) smooth muscle, a position that is also supported by recent comprehensive reviews (11, 29) . Indeed, recent work from our laboratory (37) found that nitrergic neurotransmission is variably impaired in W/W v mutant mice, with most animals demonstrating a normal nitrergic inhibitory junction potential (IJP). We also found evidence of possible CSM dysfunction in these animals and proposed that the impaired nitrergic neurotransmission may be related to CSM abnormalities rather than loss of ICC-IM.
A characteristic of gut CSM cells is spontaneous membrane potential fluctuations or unitary potentials (UPs), as first described by Edwards and coworkers (9) . Because UPs are markedly diminished in animals deficient in ICC-IM (3, 8, 20, 32) , it has been proposed that they are generated in ICC-IM and transmitted electrotonically to smooth muscle, thereby contributing to resting membrane potential (RMP). Furthermore, smooth muscle from animals deficient in ICC-IM has been reported to have a more negative RMP than controls (37) , suggesting that ICC-IM contribute to RMP. It remains possible, however, that the more negative RMP and decreased UPs in W/W v mutant mice are due to abnormalities at the level of the smooth muscle itself, rather than to a deficiency of ICC-IM per se. Thus the purpose of the present study was to test the hypothesis that CSM function is altered in W/W v mutant mice and that this might explain some of the reported abnormalities in neurotransmission in these mutants.
MATERIALS AND METHODS

Animals. J:WBB6F1
ϩϩ control and J:WBB6F1-KitϽWϾ/KitϽW-v,Ͼ (W/W v mutant) mice of either sex and Ͼ21 days old were purchased from Jackson Laboratory (Bar Harbor, ME). CD-1 mice were used in some experiments. The Animal Care Committee of Queen's University approved all experiments. Following isoflurane anesthesia, the mice were euthanized by cervical dislocation. The thoracic and abdominal cavities were opened by midline incision, exposing the stomach and esophagus. The entire stomach and a short segment of distal esophagus were then removed and placed in oxygenated Krebs solution (95% O2-5% CO2) maintained at 37°C. The mucosal and submucosal layers were removed and the gastroesophageal junction was then excised from the remainder of the stomach, following which the outer serosal and longitudinal muscle layers were excised, leaving the LES CSM bundle.
Dissociation of the mouse LES CSM cells. Single smooth muscle cells from W/W v mutant and control mice LES were freshly isolated using enzymatic digestion. Briefly, CSM bundles from the clasp region of the LES (33) were cut in small pieces 2 mm square and incubated in a 30 l/ml papain solution (Worthington, Lakewood, NJ) for 12 min, washed out with HBSS three times and incubated for an additional 13 min with a mixture of collagenase type 2 (Worthington) 4 mg/ml and dispase II (Roche Scientific, Laval, QC, Canada) 4.5 mg/ml at 37°C, then washed out with a culture media from stock solution containing 10 ml fetal bovine serum, 1 ml penicillin/streptomycin, 0.028 g glutamine, and made up to 100 ml with DMEM (pH 7.2-7.3). After stopping the enzyme reaction with culture media, tissue was triturated gently with a fire-polished Pasteur pipette to release single smooth muscle cells. The cell suspensions were then refrigerated until used later the same day.
Chemicals and drugs used. All chemicals and drugs were obtained from Sigma-Aldrich (Oakville, ON, Canada), with the exception of papain and collagenase type 2 (Worthington) and dispase II (Roche Scientific). Current-clamp recordings were carried out in perforatedpatch mode using the following solutions (in mM): pipette solution 145 KCl, 10 HEPES, 5 EGTA, 1 MgCl2, 1 CaCl 2 with pH adjusted to 7.2 with use of KOH; bath solution 145 NaCl, 2.5 KCl, 1 MgSO4, 1 CaCl2, 10 HEPES, and 10 D-glucose, with pH adjusted to 7.4 with use of NaOH. Fura 2 AM was obtained from Invitrogen (Burlington, ON, Canada).
Agents were applied to the bath by microapplication using a fast-flow solution switching system (AutoMate Scientific) from a pipette filled with the extracellular medium plus the respective agent. The pipette tip diameter was 250 m. The pipette was always placed downstream of the medium flow and at ϳ200 m from a target cell.
Electrophysiology studies. Whole-cell perforated-patch-clamp electrophysiological experiments were performed in current or voltage clamp at room temperature (ϳ23°C). Perforated-patch recordings were obtained by using amphotericin B as previously described (28) . Aliquots of dissociated smooth muscle cells were added to a recording chamber, which was mounted on the stage of an inverted microscope (Nikon Eclipse TS100; Nikon Canada, Mississauga, ON, Canada) fitted for bright-field microscopy. Cells were left for 10 -15 min to allow them to adhere to the bottom of the recording chamber. Recordings were obtained using G85165T-4 patch glass capillary tubing with flame-polished ends (Warner Instruments), pulled with a PP-830 micropipette puller, and fire polished with an FP-830 fire polisher (both from Narishige, East Meadow, NY). Final pipette resistance was between 2 and 4 M⍀ for all experiments. Signals were amplified via a model 700 B Multiclamp amplifier and digitized with a low-noise data-acquisition system (Digidata 1440A A/D converter, Axon Instruments, San Jose, CA). Signals were filtered at 4 kHz through a low-pass, four-pole Bessel filter, acquired at 10 kHz, and stored on disk using Clampex 10 (Axon Instruments).
Ca
2ϩ imaging. Aliquots of freshly isolated LES CSM cells were added to the recording chamber and loaded with the Ca 2ϩ indicator dye fura 2 (5 M) in the dark by immersion for 30 min at room temperature in the physiological salt solution, followed by a 15-min washout period prior to recording.
The recording chamber was mounted on an inverted epifluorescence microscope (Olympus 1X71, Melville, NY) connected to a photometric Cascade 512B camera (Tucson, AZ). Intracellular Ca 2ϩ changes were obtained by sequential illumination at 340 and 380 nm and expressed as the fluorescence ratio (F R). Both Ca 2ϩ rise and decay times were analyzed as previously described (4, 17) . Global Ca 2ϩ rise time was measured as the time needed for the rise from 10 to 90% of maximum, fitted with exponential growth. Decay time constants were measured by fitting first-order exponential decay function from 90 to 10%, using the nonlinear least square curve-fitting method. Data were stored on a disk using the Labmaster software from Photon Technology International (PTI). Images were analyzed using Origin (Microcal Software, Northampton, MA).
To determine whether changes in smooth muscle function between W/W v mutant and control mice were present in non-LES CSM as well, caffeine-induced Ca 2ϩ transients were also analyzed in single CSM cells isolated from the colon.
Statistical analysis. Data are presented as means Ϯ SE; for patchclamp recordings, n represents the number of cells and number of animals, in that recordings were performed from only one LES CSM cell per animal. Pre-and postdrug comparisons were made by a paired Student's t-test. A P value of Ͻ0.05 was considered statistically significant. The averaged power spectrum density between 0.6 and 1.0 Hz was used to quantify the amplitude of UPs in mV 2 /Hz as reported previously (37) .
RESULTS
Baseline electrophysiological characteristics.
In intact tissue, RMP and UPs are different in gut CSM from W/W v mutant mice compared with wild-type controls; therefore we compared baseline electrophysiological characteristics of single CSM cells isolated from control vs. W/W v mutant mice (Table 1) . Seal resistance, cell capacitance, and input resistance in response to a 10 pA electrotonic current pulse were not significantly different between the two groups. On the other hand, RMP averaged Ϫ41.71 Ϯ 1.43 mV (n ϭ 8) in control CSM cells vs. Ϫ47.95 Ϯ 2.06 mV (n ϭ 9) in cells from W/W v mutants (P ϭ 0.027). Spontaneous membrane potential fluctuations or UPs were recorded in cells from both mutant animals and controls but were significantly smaller in CSM cells from mutant mice (0.26 Ϯ 0.02 vs. 0.73 Ϯ 0.09 mV 2 /Hz, n ϭ 13, P ϭ 0.0039) (Fig. 1) . These UPs were significantly attenuated by niflumic acid in cells from both control and (25) , administration of caffeine (10 mM for 3 min), a ryanodine receptor activator, produced an inward current in cells from both mutant and control mice that dissipated despite continued presence of caffeine (Fig. 2) . The current density was significantly larger in cells from W/W v mutants compared with controls (8.01 Ϯ 2.32 pA/pF, n ϭ 5 vs. 2.12 Ϯ 0.81 pA/pF, n ϭ 5; P ϭ 0.043; holding voltage of Ϫ60 mV). To explore the mechanisms underlying the caffeine-induced inward currents, further exper- iments were performed using LES CSM cells from CD1 mice. These currents were not affected by nifedipine but were inhibited by ϳ50% following application of SKF-96365, an antagonist of nonselective cation currents (21) (Fig. 3) . The currents were also inhibited to a comparable degree by application of the Ca 2ϩ -activated Cl Ϫ channel inhibitor niflumic acid (Fig. 3) . When SKF-96365 and niflumic acid were applied concomitantly, the caffeine-induced inward current was converted to a small outward current. The nature of the latter was not pursued.
Effect of SNP.
In intact tissue, nitrergic neurotransmission to LES CSM is markedly impaired in a proportion of W/W v mutant mice. To determine whether this might relate to a defect at the level of the smooth muscle cell, rather than to a deficiency of ICCs, we compared membrane potential response to the NO donor sodium nitroprusside (SNP; 1 mM) in single LES CSM cells isolated from controls vs. W/W v mutants. As depicted in Fig. 4 , SNP transiently hyperpolarized membrane potential in cells from both groups. However, the SNP-induced hyperpolarization was significantly greater in cells from con- Fig. 3 . Caffeine (Caf)-induced inward current was inhibited by ϳ50% by application SKF-96365 (SKF), an antagonist of nonselective cation channels, or niflumic acid (NFA), an antagonist of Ca 2ϩ -activated Cl Ϫ channels (top and middle traces, respectively). When caffeine was added in the presence of both SKF-96365 and niflumic acid, a small transient outward current was induced. Bar graph on right depicts quantitative data (n ϭ 5 for caffeine alone, n ϭ 4 for caffeine ϩ SKF, n ϭ 6 for caffeine ϩ NFA, n ϭ 6 for caffeine ϩ SKF ϩ NFA; *P Ͻ 0.05, **P Ͻ 0.001 vs. caffeine administration alone). mobilization was measured as F R . The Ca 2ϩ rise in response to 10 mM caffeine was increased in CSM cells from mutant mice compared with controls (3.1 Ϯ 0.57, n ϭ 7 vs. 1.76 Ϯ 0.06, n ϭ 6, P ϭ 0.05; Fig. 5 ). Further analysis of the kinetics of the caffeine-induced Ca 2ϩ transients revealed that the rate of Ca 2ϩ rise was no different between controls and W/W v mutant mice (0.48 Ϯ 0.05 min, n ϭ 6, vs. 0.47 Ϯ 0.03 min, n ϭ 7, respectively, P ϭ 0.95), but that the decay time was significantly longer in cells isolated from mutants (0.54 Ϯ 0.11 min in controls, n ϭ 6, vs. 1.32 Ϯ 0.30 min in mutants, n ϭ 7, P ϭ 0.048).
To 
DISCUSSION
The major findings in the present study is that isolated LES CSM from W/W v mutant mice (ICC-IM deficient) have physiological and pharmacological properties that are distinct from smooth muscle cells of control mice. These alterations include decreased UPs and a more negative RMP, a decreased hyperpolarization response to the NO donor SNP, and an enhanced rise in intracellular Ca 2ϩ and altered membrane currents in response to caffeine. Taken together these results suggest that the mutation causing ICC-IM loss in these animals also leads to abnormalities of the smooth muscle. This is perhaps not surprising given the plethora of pathological abnormalities in these mutant animals (2, 22, 27, 30, 33) and the fact that ICCs and smooth muscle cells share the same precursor cells (36) . It is uncertain whether the abnormalities are due to a direct effect of the mutation on the smooth muscle or a consequence of a developmental abnormality; that is, perhaps ICCs are required for normal maturation and differentiation of smooth muscle cells.
There has been extensive interest in the role of ICCs in gut motor function over the last two decades. Extensive anatomic and physiological evidence has accrued providing compelling evidence that these cells are intimately involved in the function of gut smooth muscle. It is well established that ICCs serve as pacemaker cells for the GI tract (24) . In addition, it is widely believed that ICCs are intercalated between nerves and muscle and thereby play a fundamental role in neurotransmission (5-7, 32, 34) . The availability of mice with the kit mutation that lack ICC-IM allowed investigators to explore the role of ICCs in neurotransmission. Early studies reported complete loss of neurotransmission in these mutant mice (3, 4, 6) , suggesting that ICC-IM indeed play a pivotal role in neurotransmission. However, more recent studies have called this conclusion into question (1, 10, 16, 31, 37) . We have recently reported (37) that although nitrergic neurotransmission was abnormal in a significant proportion of W/W v mutant mice, most of these animals had normal nitrergic neurotransmission. This variability in the nitrergic neurotransmission showed no correlation with the scant numbers of ICC-IM present in these mutants, and the nitrergic IJP amplitude was also quite homogeneous in tissue from the same animal (i.e., all cells recorded from in the same animal had very similar IJP amplitudes), indicating that the normal nitrergic IJPs were not simply due to recording from cells that happened to be closely associated with rare ICC-IM. In addition, cholinergic and purinergic neurotransmission was invariably intact, suggesting that ICC-IM are not essential for neurotransmission. Furthermore, the response to exogenous caffeine was abnormal in the W/W v mutant mice with impaired nitrergic neurotransmission. This observation, combined with the fact that nitrergic neurotransmission requires normal release of Ca 2ϩ from the SR, whereas purinergic and cholinergic neurotransmission does not, led us to speculate that the abnormal neurotransmission seen in some W/W v mutant mice might relate to a defect with the smooth muscle cell itself, rather than to a lack of ICCs per se. The present study, in which single LES CSM cells were studied in isolation from ICCs and other related tissues, supports this concept. In our previous study using intracellular recording from intact LES CSM strips (37) , exogenous caffeine produced membrane hyperpolarization followed by partial repolarization in control mice, whereas in W/W v mutant mice with abnormal nitrergic neurotransmission it induced transient hyperpolarization followed by sustained depolarization. In the present studies, using isolated CSM cells, the caffeine (37) , the RMP recorded in isolated cells was more negative in those harvested from W/W v mutants, suggesting that it is not the ICCs per se that are responsible for the differences in RMP. Our previous work in the opossum demonstrated that the RMP was more depolarized in LES CSM than in adjacent esophageal body CSM, resulting in increased opening of L-type Ca 2ϩ channels, Ca 2ϩ influx, and the generation of basal tone (39) . A number of different K ϩ and Cl Ϫ channels likely play a role in setting the RMP. We proposed that the balance is in favor of Ca 2ϩ -activated Cl Ϫ channel activity, thus leading to the more depolarized resting membrane potential in LES CSM. The ionic mechanisms underlying the differences in RMP between W/W v and control LES CSM is unclear from the present studies.
Edwards et al. (9) were the first to draw attention to the physiological significance of the small membrane potential fluctuations or UPs noted during intracellular recording from gut smooth muscle. These UPs are felt to be due to spontaneous activity of ion channels and appear to play a role in establishing RMP and in producing regenerative potentials and hence slow waves. Depending on the tissue, both Ca 2ϩ -dependent K ϩ and Cl Ϫ channels have been implicated in the generation of UPs (3, 15, 32) . Furthermore, because UPs were markedly diminished in amplitude in W/W v mutant mice, it was concluded that ICC-IM were responsible for their generation. The present study calls this conclusion into question in that UPs were recorded from isolated CSM cells that were devoid of contact with ICCs. Furthermore, the magnitude of the UPs was significantly smaller in cells from W/W v mutant mice. Indeed, the difference in UP amplitude between mutants and controls in the present study was comparable to what we found using intracellular recording in intact tissue (37 (37) . The mechanisms underlying this difference are unclear. This may partly relate to the fact that the baseline RMP is already more hyperpolarized in W/W v mutants. However, it is clear from the effects of niflumic acid that the membrane potential is capable of much greater hyperpolarization in the W/W v mutants, irrespective of the starting membrane potential. NO appears to relax smooth muscle via a number of mechanisms, all of which are dependent on initial activation of cGMP (23) . In addition to effects on various intracellular pathways that ultimately affect the contractile mechanisms, NO has been reported to induce smooth muscle hyperpolarization by either opening K ϩ channels or blocking Cl Ϫ channels (14, 42) . In LES CSM it appears that inhibition of Ca 2ϩ -activated Cl Ϫ channels plays a key role in the nitrergic IJP, and this depends on release of Ca 2ϩ from the SR, which in turn activates a myosin light chain kinase-dependent pathway (40, 41).
In summary, the present studies demonstrate a number of physiological and pharmacological differences in isolated LES CSM from W/W v mutant vs. control mice, suggesting that, in addition to a deficit in ICC-IM, these mutants have abnormal gut smooth muscle function. The more negative RMP in CSM from W/W v mutant mice would explain the impaired resting tone reported in LES CSM both in vivo (31) and in vitro (37) . Furthermore, the smaller hyperpolarizing response to exogenous SNP suggests that the abnormal nitrergic IJP that is found in at least a subset of W/W v mutant mice (37) could be due to smooth muscle dysfunction rather than loss of ICCs. Finally, the differences in the caffeine response between W/W v mutant and wild-type mice suggest that there is dysfunction at the level of the SR. Because the nitrergic IJP and basal tone are dependent on intact SR function in LES CSM, this observation provides further support for the hypothesis that alterations in the smooth muscle, rather than loss of ICCs per se, may account for at least some of the abnormal GI neuromuscular phenotype reported in these mutants. Clearly, further work is required to determine the mechanisms whereby the observed smooth muscle abnormalities result in neuromuscular dysfunction. Nevertheless, this finding is important in that it emphasizes the need to use caution in drawing conclusions about ICC physiology based on smooth muscle recordings in W/W v mutant mice.
